Abstract. This paper presents the application, to a synthetic example, of a formulation im
INTRODUCTION
Fault is defined as being a fracture surface, along which has occurred a relative displacement between two rock blocks, and it can be originated from an extension, distension or torsion. The sealing has great significance on the creation of hydrocarbons traps, because the sealing rock has low permeability and it prevents the leakage of fluid from the rock reservoir.
The motion of faults within and on the surrounds of a petroleum reservoir can be induced in an exploitation process, by reducing the pore pressure and its effect over the normal effective stress and shear failure, and it is also a direct function of the stress state that acts on the field and on the fault surfaces. When the reactivation occurs, the permeability of the fault is increased, allowing the fluid to flow through it, compromising the hydraulic integrity of the cap rocks that seal the reservoir. Another aspect due to the fault reactivation is the opening of fractures and the appearance of new flow zones through cap formations of high capillarity and low permeability.
This reveals the need of an accurate prediction of the fluid`s injection/production effect over the mechanical behavior of the rocks and the fault, as well as the influence of the reactivated fault over the hydrocarbons flow regimen inside the reservoir. Many researches involving hydro-mechanical numerical modeling of fault reactivation problems are being developed such in [1] , [2] , [3] , [4] and [5] , among others. This paper presents a coupled hydro-mechanical numerical analysis of fault reactivation in petroleum reservoirs to verify the influence of the fluid`s injection and production over the reactivation. For that, it will be used the "in house" code in finite elements CODE_BRIGHT (COupled DEformation, BRIne, Gas and Heat Transport) presented by [6] , in which in the mechanical coupling, the hydraulic problem equations are solved together with the stress equilibrium equation, that features the geomechanical problem, here being considered the mechanical constitutive model from Mohr Coulomb for fault material. .
MATHEMATICAL FORMULATION
In the adopted formulation, the geomechanical problem has the stress-strain behavior of the rock relative to the acting stresses and the pressure and saturation fields of the fluids. In the flow problem, the permeability and porosity of the rock are updated in each time interval. It is proposed here to solve, considering small deformations and constant temperature, mass and momentum balance equations for each phase, where the mechanical problem is defined by the stress equilibrium equation, showed bellow, considering constitutive laws and complementary equations, and the hydraulic problem is characterized by the mass balance equation of the fluid phase using Darcy`s Law.
Where σ σ σ σ is the total stress tensor and b is the volumetric vector of the body forces. The mass balance of phase is represented by: q are listed as unknowns through the constitutive relations. The purpose of this article is to employ a special attention to the mechanical and hydraulic constitutive equations that will be discussed further ahead. The main constitutive equation for the hydraulic problem is the Darcy's law:
where K i is the permeability tensor, k rα is the relative permeability of the phase (here its equals 1), which is a function of the phase saturation level, and µ α is the viscosity of the phase.
Geomechanical constitutive model
The model used was the Mohr-Coulomb viscoplastic model. In this model, the stress and deformation increases are listed by:
Where ' dσ is the effective stress increment, D ep is the elastoplastic constitutive tensor and ε d is the deformation increment. The stresses tensor is determined by the effective stress principle:
Where dσ is the increment of the total stress and m is an auxiliary tensor, in which the values of the normal components is 1 and the shear components is zero.
The set of equations for the yield function and Mohr-Coulomb are presented next:
Where ( )
is the function that features the Mohr-Coulomb failure criteria. J is the deviatoric stress, p' is the mean effective stress, c' is the effective coesion, φ' is the effective shear angle and θ is the Lode`s angle. It's considered the Perzyna's model in which the viscoplastic parameter is applied to the flow rule of elastoplastic model.
Hydro-geomechanical coupling
An important characteristic of the used formulation is the coupling between the variation of the porosity and the changes on the intrinsic permeability. The variation of the porosity is computed using the solid's balance equation, given by:
Where ε υ is the volumetric deformation. The determination of the permeability as a rock deformation function is a complex function which depends on the elastic or inelastic regimen to which the material is subjected. For the Mohr-Coulomb elastoplastic model it is used a linear law, limiting the value of the permeability as a shear plastic deformation function, which is directly related to the volumetric plastic deformation to a given dilatancy angle.
RESULTS AND DISCUSSION
One example of application is presented here through a hydro-mechanical analysis of a petroleum reservoir sectioned by a fault with a single filling material. The analysis considers the plane deformation for numerical modeling for the Mohr-Coulomb constitutive model.
In this case it was considered an injector well operating at a bottom hole pressure (BHP) of 4.0 MPa and a producing well of -4.0 MPa. The problem scheme and the finite element mesh are showed as following.
(a) (b) Figure 1 . Description of the synthetic problem: (a) geometry of the case with simple fault. (b) finite element mesh for the simple fault case.
The finite element mesh is composed of 4191 nodes and 8266 elements. The compressibility and the density of the fluid are, respectively 1.0x10 −4 1/MPa e 1001.7 kg/m³. The properties of the materials adopted for the analysis are shown on following table. The pressure field is changed in the interior of the reservoir due to the influence of the injector and producing wells, modifying therefore, the stress state, leading to the concentration of the shear stress on the structure of the fault.
These changes in the stresses state and in the pressure field and the shear stress in the fault lead to development of shear plastic strains, showed in Figure 2 , which cause the reactivation of the fault through the increase of its permeability (Figure 3) , for the maximum value equal to reservoir permeability. It is observed that the plastic strains are developed on the zone of shear stresses concentration, leading to an increase on the permeability of the element in contact with the reservoir on the right (with producing well). 
CONCLUSIONS
The process of fault reactivation is characterized by the increase on the permeability of the fault filling material as a consequence of its plastification. The reactivation can interfere in the production of hydrocarbons by the lost of pressure and fluid through the fault and consequent exudation on the surface of the bottom of the sea, being essential the realization of a hydro-mechanical coupled analysis. It is observed that the increase of permeability as function of shear plastic strains, occurs element to element, with sequential effect. This problem will depend of stiffness and shear strength of each zone, as well as of other properties. The plastification criteria of Mohr-Coulomb here used has shown results that represent the fault reactivation mechanism.
